The liver and its zonation contribute to whole body homeostasis. Acute and chronic, not always liver, diseases impair proper metabolic zonation. Various underlying pathways, such as β-catenin, hedgehog signaling, and the Hippo pathway, along with the physiologically occurring oxygen gradient, appear to be contributors. Interestingly, hypoxia and hypoxia-inducible transcription factors can orchestrate those pathways. In the current review, we connect novel findings of liver zonation in health and disease and provide a view about the dynamic interplay between these different pathways and cell-types to drive liver zonation and systemic homeostasis.
Introduction
The liver is a central organ for maintaining systemic homeostasis. It acts as a center of energy supply in all metabolic states, as a center of defense when eliminating xenobiotic macromolecules, and as a center of erythropoiesis during embryonic life and later as a blood reservoir. The liver is also an important production site of hormones, growth factors, and, last but not least, the bile. Via vagal and splanchnic nerves, the liver also contributes to the control of food intake by the central nervous system. The action of parenchymal cells and four main types of nonparenchymal cells, either alone or in cooperation carry out all processes required for homeostasis maintenance. To achieve this in the most efficient manner, the liver parenchyma displays a so-called "metabolic zonation". Due to the location within the circulation and the multitude of functions, the liver is susceptible to various diseases, which often compromise liver zonation. Therefore, the understanding of the pathways contributing to metabolic zonation could be crucial to combat certain disease pathologies. Various signal pathways have been shown to play a role in the regulation of zonation among them the oxygen-sensing system [1] . Given the importance of the presence of oxygen for cell survival, but also the production of either signaling or toxic reactive oxygen species (ROS), we concentrate here on the role of the oxygen-signaling pathway, which centers at the hypoxia-inducible factors (HIFs) for metabolic zonation. Thereby, we will connect recent observations on regulatory processes on zonation in health and disease and their potential use for therapeutic interventions.
Liver Lobule and Acinus-Structural and Functional Units Displaying Metabolic Zonation
The hexagonal lobule, with its portal triads at the corners and the central vein in the middle, represents the smallest structural unit of the liver; the acinus centered around a portal tract and extending to the respective neighboring central veins, thereby integrating the lobule, is considered to Figure 1 . Microcirculatory architecture of the liver acinus. Classic hexagonal lobules are centered around a portal tract (PT) and blood flows as mixture of arterial and venous blood into the sinusoids which extend into the direction of the central veins (CV). The oxygen gradient generated ranges from ~60-65 mm Hg (dark blue) to ~30-35 mm HG (light blue); three zones exist: one around the portal triads (i.e., the periportal zone or zone 1), another around the central vein (i.e., the perivenous zone, or zone 3) and a midzonal layer or zone 2. Hepatocytes, fenestrated endothelial cells, hepatic stellate cells residing in the Space of Disse, separating hepatocytes and endothelial cells, Kupffer cells as resident macrophages and Pit cells are the building blocks of the sinusoids.
Regulatory Pathways Involved in Liver Zonation
As liver zonation is largely dynamic, it is regulated by a variety of signaling pathways as well as the interplay of the different cell types within the lobule/acinus. Several lines of evidence indicated Figure 1 . Microcirculatory architecture of the liver acinus. Classic hexagonal lobules are centered around a portal tract (PT) and blood flows as mixture of arterial and venous blood into the sinusoids which extend into the direction of the central veins (CV). The oxygen gradient generated ranges from 60-65 mm Hg (dark blue) to~30-35 mm HG (light blue); three zones exist: one around the portal triads (i.e., the periportal zone or zone 1), another around the central vein (i.e., the perivenous zone, or zone 3) and a midzonal layer or zone 2. Hepatocytes, fenestrated endothelial cells, hepatic stellate cells residing in the Space of Disse, separating hepatocytes and endothelial cells, Kupffer cells as resident macrophages and Pit cells are the building blocks of the sinusoids.
As liver zonation is largely dynamic, it is regulated by a variety of signaling pathways as well as the interplay of the different cell types within the lobule/acinus. Several lines of evidence indicated that the Wnt/β-catenin pathway [12] and the associated R-spondin-leucine-rich repeated-containing G protein-coupled receptor 4/5 (LGR 4/5) axis [13] , the extracellular signal-regulated kinase (RAS/ERK) pathway [14] , the Hippo pathway with its cotranscriptional activator yes-associated protein 1 (Yap) [15] , the hedgehog pathway [16] , glucagon signaling [17] , hepatocyte nuclear factor 4-α [18] , Dicer [19] , and the oxygen gradient contribute to hepatic zonation. All these pathways and factors, except the oxygen gradient, depend, to a greater or lesser extent, on the presence of specific ligands such as WNTs, or various growth factors, which are secreted from other cells than the hepatocytes (for review see [20] ). For example, in mice, the liver endothelial cells contribute to the synthesis of Wnt2, Wnt9b, [21] , and R-spondin 3 (RSPO3) [22] , whereas cholangiocytes and stellate cells can secrete hedgehog ligands [23] . In addition to the large extent of cross-talk between all these pathways, the intercellular cooperation was further supported by the observation that angiocrine WNT signaling, particularly from sinusoidal endothelial cells, contributes to metabolic maturation and zonation of hepatocytes [24] . Considering the overlapping aspects and taking into account that the nature of the sinusoids facilitates free exchange not only of the above-mentioned factors, but also nutrients, metabolites, and various substrates, it is the periportal to perivenous oxygen concentration gradient that exists inevitably under all physiological and pathophysiological conditions, although the extent of the gradient may vary.
Oxygen Sensing and Hypoxia-Inducible Transcription Factors (HIFs)
The transcriptional adaptation in response to changing oxygen levels in a cell is mediated by the α-subunits of hypoxia-inducible factors (HIFα). Three HIFs (for review see [25, 26] ), showing a predominantly perivenous expression pattern in liver [27] have been identified so far. HIFα subunits form a complex with the beta subunit known as ARNT and bind to hypoxia responsive elements (HREs) in target genes [28] . Although the HIF-1α and HIF-2α-containing complexes share the HRE consensus, they were found to occupy a distinct set of genomic sites, which varied with cell type. In addition, lack of binding due to absence of the one or the other HIFα subunit could not be supplemented by the remaining HIFα variant [29] . Thus, these features may explain, at least partially, why HIF-1α was suggested to account for an acute and HIF-2α for a chronic response to hypoxia [30] . HIF-3α is far less explored. Several splice variants were identified [31] and their role in the hypoxia response is conflicting; some splice variants were shown to play a role as inhibitor of the hypoxia response [32, 33] , whereas other variants were identified as activators [34, 35] .
All HIFα subunits undergo proteasomal degradation under normoxic conditions. This is achieved by an intricate interplay of HIF prolyl 4-hydroxylases (commonly known as PHDs, EglNs or HIF-P4H), and an E3-ubiquitin ligase complex with the von Hippel Lindau (VHL) protein as substrate binding component. Like with HIFs, three HIF prolyl 4-hydroxylases have been identified; they act as cellular oxygen sensors and hydroxylate one or two proline residues within the HIFα subunits in an O 2 -dependent manner; these hydroxyprolines serve as docking site for the VHL protein [36] . Apart from O 2 , the reaction also requires 2-oxoglutarate (2-OG), Fe 2+ , and ascorbate. If oxygen becomes limited, the HIF prolyl 4-hydroxylases become inhibited and HIFs escape the proteasomal degradation. A similar O 2 -dependent enzymatic mechanism carried out by the asparagine hydroxylase factor-inhibiting HIF (FIH) prevents binding of the transcriptional coactivator CBP/p300 to the C-terminal transactivation domain (CTAD) of HIF-1α and HIF-2α. With respect to HIFs, this action is specific for HIF-1α and HIF-2α since even full-length HIF-3α lacks a CTAD (for review see [37] and references therein).
Hypoxia exerts a feedback and activates expression of HIF prolyl 4-hydroxylases-2 and -3 via HIFs; consequently, this rehydroxylates and degrades at least HIF-1α [38] . In line with this and the HIFα zonation, HIF prolyl 4-hydroxylases exhibit a zonal distribution with predominant perivenous expression [39] ; no zonation pattern has been so far described for FIH.
HIFs, Redox, and HIF Prolyl 4-Hydroxylases in Liver
Several studies underlined the importance of HIFs for liver integrity. Thereby, HIF-1α and HIF-2α seem to have overlapping but different roles. In particular, hepatocyte-specific absence of HIF-1α showed lobule extension, increased mtDNA content, enhanced lobular oxygen consumption [40] , and impaired gluconeogenesis during liver regeneration [41] . HIF-2α has its major roles in hepatic insulin signaling [42] , fatty acid beta-oxidation, lipogenesis, and lipid storage [43] . The more dominant role of HIF-2α for liver metabolism was further elucidated in mice with hepatocyte-specific loss of the common beta HIF subunit (ARNT); these mice displayed increased fed insulin levels, lipogenesis, and decreased ketone bodies [44] .
Although all HIF prolyl 4-hydroxylases act on HIFs, they appear to also have certain differences, at least in liver. While liver-specific loss of HIF prolyl 4-hydroxylase-2 (PHD2) induced HIF-1α, lack of PHD3 induced HIF-2α. Apparently, loss of all three enzymes allowed hepatic expression of the HIF-2 target gene erythropoietin, a pattern normally mainly seen during embryonic life [45] .
Appearance of reactive oxygen species (ROS) is associated with the use of O 2 and in line with the periportal to perivenous differences in mitochondria and oxidative capacities [4, 46, 47] . Further, ROS were shown to be important regulators of HIFs. They can act either directly on HIFs [48] , the HIF coactivators steroid receptor coactivator-1 and transcription intermediary factor 2 [49] , or indirectly via NADPH oxidase 4 (NOX4) [50] , mitochondrial complex III [51] , HIF hydroxylases (PHDs/FIH) [52] , kinases and phosphatases, as well as the redox-sensitive transcription factors NF-κB [53] [54] [55] [56] [57] [58] and NRF2 (Nfe2l2 nuclear factor, erythroid 2-like 2) [59, 60] .
The complexity of the arising and existing cross talks between all the above modifiers is particularly exemplified by the interplay of HIFs with NF-κB and NRF2. Interestingly, the HIF1a gene is a target of NF-κB [53] [54] [55] [56] [57] and reciprocally NF-κB can be activated by hypoxia [61] . While the NF-κB p65 subunit abundance was higher in the periportal area, the nuclear appearance of NF-κB p65 followed the oxygen gradient and was higher in the perivenous hepatocytes [62] where higher HIF-1α mRNA levels were found [27] . Likewise, NRF2 was suggested to regulate HIF1A gene expression [59, 60] and indeed a functional NRF2 antioxidant response element at the HIF1A gene could be identified [60] . The interplay of HIF-1α with NRF2 in zonation becomes evident from findings of Nrf2-deficient livers. Apart from being reduced in size, the Nrf2-lacking livers display an impaired vascularization, a process in which HIFs are key. Further, a congenital vascular shunt connecting the portal vein and vena cava increased the perivenous O 2 content and reduced Cyp2e1 expression. By contrast, the normally periportal phosphoenolpyruvate carboxykinase was then also expressed in the perivenous zone [63] .
Together, these findings indicate that the hypoxia-signaling and redox-signaling pathways have an integrated contribution to metabolic zonation.
HIFs, Beta-Catenin, and Zonation
As mentioned above, there is no doubt that the Wnt/β-catenin pathway is important for metabolic zonation (for review, see [1] ). However, a number of studies indicate that hypoxia and Wnt/β-catenin signaling are also interconnected. In hypoxia in mice (10% O 2 for 6-72 h) [64] , HIF-1α and HIF2α in cells were shown to promote β-catenin´s transcriptional activity [65, 66] ; the most clear-cut evidence came from the genetic ablation of the Hif-1a gene or the Arnt gene, which reduced Wnt/β-catenin target gene expression under hypoxia [65] . Further, HIF-1α undergoes a physical interaction with β-catenin [67] and is suggested to promote cell survival, especially under hypoxia. However, this regulation, and the secretion of Wnt3a proteins in particular, can be compromised under very severe, almost anoxic conditions (pO 2 < 0.01%) in a HIF-independent manner [68] .
In support of the interplay between the HIF and β-catenin pathway for metabolic zonation is the finding that the negative β-catenin regulator APC is a HIF-1α target gene [69] . Vice versa, APC was found to repress HIF-1α [70] by involving mitochondrial ROS production [71] [72] [73] . Like HIF signaling, β-catenin signaling is known to be modulated by ROS [74] , in particular superoxide and H 2 O 2 [75] . In support, deletion of the superoxide scavenging manganese superoxide dismutase (MnSOD; sod2) in hepatocytes disrupted zonal gene expression [76] and reduced HIF-1α as well as β-catenin levels [77] .
Thus, low perivenous pO 2 could promote HIF function, which mediates APC repression and, as a consequence, contributes to β-catenin activation. Vice versa, the high pO 2 and ROS in the periportal zone would induce APC function and suppress β-catenin signaling.
Although this picture may be appealing, there are quite a number of differences and open questions. For example, there appear to be different functions and regulatory levels between APC and β-catenin. This is highlighted by the findings that mice lacking APC in the liver show a perivenous expression profile but become lethal [12] , whereas mice with absence of β-catenin in the liver remain alive and show a pronounced periportal pattern in the perivenous zone [78] .
HIFs, Hedgehog, and Zonation
Hedgehog (HH) signaling is especially active in liver-damaging situations such as in nonalcoholic fatty liver disease (NAFLD), cirrhosis, and hepatocellular carcinoma (HCC) [79, 80] . Accordingly, HH signaling is most active in hepatic stellate cells and cholangiocytes [81, 82] ; it was also shown to contribute to metabolic zonation in hepatocytes [16] . Three HH proteins (Sonic-HH, Indian-HH, and Desert-HH) are known. The membrane protein Dispatched (DISP) promotes their secretion, which enables their autocrine or paracrine action on receptors called Patched (PTCH1, -2). PTCH has a coreceptor called Smoothened (SMO). SMO in turn regulates nuclear import and activity of the glioma-associated oncogenic transcription factors GLI1, GLI2, and GLI3 [83] . In the absence of HH, PTCH inhibits SMO, thereby preventing nuclear import of GLIs. Once HH binds to PTCH, the inhibitory action of PTCH on SMO is abolished, and as a result, GLIs become transported into the nucleus [83] .
IHH shows a perivenous zonation in mouse liver [8] and deletion of SMO in hepatocytes lead to lipogenesis mainly via GLI3-mediated upregulation of SREBP1, and enzymes such as the normally perivenous FASN [84, 85] in periportal hepatocytes [86] . Other metabolic pathways such as cholesterol biosynthesis, glycolysis, and glycogen storage were not altered, but regulation of periportal IGF1 and perivenous IGFBP1 [87] was reciprocally affected; IGF1 was decreased and IGFBP was increased upon SMO deletion [88] .
The action of the HH pathway can also be linked to hypoxia signaling, although the details are far from being understood and the results vary from cell-type to cell-type. Hypoxia was able to induce SHH, and PTCH1 expression as well as a systemic HH response in mice via HIF-1α [89] . Apparently, HH response towards hypoxia can also involve HIF-2α, depending on the cell type [90] . Interestingly and likely as a balancing act, hypoxia could also upregulate SMO transcription in different cell models [91, 92] . Similar to HH signaling, hypoxia enhanced perivenous FASN expression, not via HIFs but via SREBP1 [93] . Vice versa, hypoxia and HIF-1α inhibited expression of key genes [94] regulating β-oxidation, which is found periportally. Moreover, perivenous oxygen tensions were able to enhance IGFBP-1 expression in a HIF proline hydroxylase-and HIFα-dependent manner [35] .
Apart from hypoxia signaling, the HH pathway is also at the cross roads with the Hippo and Wnt/β-catenin pathways, which may have a confounding role in shaping zonation and further research would boost our knowledge in this field (Figure 2) . Interplay of major zonation signaling pathways. The sinusoids facilitate free exchange of nutrients, metabolites, and various substrates, such as oxygen. Although the gradient may vary, the periportal to perivenous oxygen gradient (in blue) exists inevitably under almost all conditions. Hypoxia-inducible factors (HIFs) may be major orchestrators since they adapt the gene expression profile in response to changing oxygen tensions. The HIF system in hepatocytes but also in the other sinusoidal cells can undergo cross-talks with other major zonation regulating pathways such as the WNT/β-catenin pathway and associated components, hormone and growth factor signaling pathways, the Hippo pathway and the hedgehog (HH) pathway. All these pathways and factors exempt the oxygen gradient; depend, to the more or lesser extent, on the presence of specific ligands which are secreted from other cells than the hepatocytes, e.g., liver endothelial cells which contribute to the synthesis of certain WNTs, whereas cholangiocytes and stellate cells can secrete hedgehog ligands. PT, portal tract consisting of branches from the hepatic artery (HA), portal vein (PV) and a bile duct; CV, central vein.
HIFs, Hippo, and Zonation
Hippo signaling (Salvador-Warts-Hippo pathway) has been identified as a general regulator of organ size and is associated with developmental processes, regeneration, and carcinogenesis not only in liver. In liver, activation of this pathway has been attributed to liver overgrowth (for review see [15] . Similar to β-catenin, canonical and noncanonical signaling aspects are distinguished. In the canonical part, two protein kinases known as serine/threonine-protein kinase-3 and -4 (STK3/STK4) together with the regulator protein salvador family WW domain-containing protein (SAV1) phosphorylates and activates large tumor suppressor kinase-1/-2 (LATS1/2) in complex with its regulatory protein MOB kinase activator-1 (MOB1). LATS-1/2 phosphorylates and inactivates the transcriptional coactivators yes-associated protein 1 (YAP) and WW domain-containing transcription regulator 1 (WWTR1/TAZ). Phosphorylation of YAP inhibits its translocation into the nucleus and promotes its proteasomal degradation (for review see [15] . When the kinase relay is off, nuclear YAP binds to transcriptional enhancer-associated domain (TEAD) transcription factors and promotes expression of genes regulating cell proliferation, cell migration, and survival. As YAP is present in all cell types of the liver and can be modulated by several, including oncogenic, pathways, it can besides proliferation also promote transdifferentiation of hepatocytes towards a biliary or progenitor phenotype [15, [95] [96] [97] .
The periportal zone shows highest abundance of nuclear YAP, with biliary cells possessing the highest levels [98] . Since the YAP gradient is reciprocal to that of active β-catenin, it would be tempting to speculate that the Hippo pathway could act as inhibitor of WNT signaling to regulate Interplay of major zonation signaling pathways. The sinusoids facilitate free exchange of nutrients, metabolites, and various substrates, such as oxygen. Although the gradient may vary, the periportal to perivenous oxygen gradient (in blue) exists inevitably under almost all conditions. Hypoxia-inducible factors (HIFs) may be major orchestrators since they adapt the gene expression profile in response to changing oxygen tensions. The HIF system in hepatocytes but also in the other sinusoidal cells can undergo cross-talks with other major zonation regulating pathways such as the WNT/β-catenin pathway and associated components, hormone and growth factor signaling pathways, the Hippo pathway and the hedgehog (HH) pathway. All these pathways and factors exempt the oxygen gradient; depend, to the more or lesser extent, on the presence of specific ligands which are secreted from other cells than the hepatocytes, e.g., liver endothelial cells which contribute to the synthesis of certain WNTs, whereas cholangiocytes and stellate cells can secrete hedgehog ligands. PT, portal tract consisting of branches from the hepatic artery (HA), portal vein (PV) and a bile duct; CV, central vein.
The periportal zone shows highest abundance of nuclear YAP, with biliary cells possessing the highest levels [98] . Since the YAP gradient is reciprocal to that of active β-catenin, it would be tempting to speculate that the Hippo pathway could act as inhibitor of WNT signaling to regulate zonation. In support are findings showing that the perivenous zone expressing glutamine synthase was enlarged upon knockout of YAP and with lack of MST1 and MST2 decreased. In addition, nuclear β-catenin levels were reduced in mice lacking MST1 and MST2 [96] . However, both activation of the WNT pathway via R-spondin and overexpression of YAP can induce liver growth [95, 99] , hence arguing against an antagonistic role of WNT and Hippo for zonation. Thus, more studies are needed to unravel the interaction of these two pathways for liver zonation.
Hypoxia and HIFs affect Hippo pathway components at different levels. Although not in liver, HIF-1α, but not HIF-2α was shown to be a direct inducer of TAZ expression [100] . In addition, HIF-1α was able to increase expression of the LATS2-degrading ubiquitin ligase SIAH1; consequently TAZń uclear translocation becomes promoted [100] . Further, TAZ was also shown to interact with HIF-1α in metastasizing breast cancer cells [101] , thereby stimulating TAZ/TEAD transcriptional activity. Vice versa, TAZ augmented HIF-1α transactivity and expression of its target genes [102] . Furthermore, hypoxia promoted YAP binding to HIF-1α in the nucleus of the HepG2 and Huh7 cells, which then displayed accelerated glycolysis [103] .
Considering the relationship between HIF and Hippo pathways, it is of note that, again, the intercellular interplay has to be considered. Apparently, YAP activation in sinusoidal endothelial cells has been shown to promote angiogenesis in fibrotic livers via the HIF-1α and VEGF-A axis [104, 105] . Moreover, YAP, particularly in hepatocytes and hepatic stellate cells of regenerating liver, was able to activate HH signaling [106] and needs to be seen in connection to other pathways such as Hippo with Notch [107] , and Notch with HIF [108] .
HIFs, Steatosis, and Fatty Liver Disease

HIFs and NAFLD
Fatty liver disease is commonly divided into nonalcoholic fatty liver disease (NAFLD) and alcoholic fatty liver disease (ALD). Steatosis, i.e., the appearance of lipid droplets in more than 5% of hepatocytes [109] is one characteristic aspect of them. NAFLD´s prevalence worldwide is about 24% [110] , and the lipids commonly arise from overnutrition; consequently, NAFLD is associated with the pandemic occurrence of obesity, type-2 diabetes (T2D), and cardiovascular disease [111, 112] . NAFLD can manifest as benign perivenous steatosis without inflammation or can be accompanied by ballooning and inflammation, a situation known as nonalcoholic steatohepatitis (NASH). About 10-30% of NASH patients show progression into fibrosis and will develop cirrhosis within ten years after diagnosis [113] . From the patients diagnosed with cirrhosis, about 40-60% will develop hepatocellular carcinoma (HCC) [114, 115] .
Although the two-hit hypothesis describes several modular aspects driving the development from steatosis to NASH, the detailed underlying mechanisms are largely unknown. Apart from the excess of nutrients and insulin resistance, ER stress, impaired autophagy, and reactive oxygen species (ROS)-mediated lipid oxidation [116, 117] , recent data and mathematical modeling indicate that hypoxia may promote disease progression [9, [118] [119] [120] . Indeed, hepatocellular injury in NASH is mainly found in the perivenous zone in line with the perivenous zonation of fatty acid synthesis [121] . Further, the marked zonation of several molecular species of phosphatidylcholine [122] present in controls and patients with simple steatosis is lost in NASH patients [123] . The participation of the HIF system was further supported by the appearance of steatosis in mice with enhanced HIF expression due to lack of the HIF destruction protein VHL. With respect to HIFs, HIF-2α seems to be more powerful than HIF-1α with respect to lipid storage [124] and insulin sensitivity [42] and to share only some target genes with HIF-1α [124] . In particular, constitutive expression of HIF-2α, but not HIF-1α, in hepatocytes enhanced expression of lipogenic genes such as SREBP1c, FASN and promoted lipid storage as well as steatosis. At the opposite, β-oxidation regulators such as PPARα, and carnitine palmitoyl-CoA transferase-1 were decreased [43] . In addition, HIF-2α was shown to be the major pexophagy driver [125] . Peroxisomes are a major site of fatty acid degradation and under normal circumstances, they consume~20% of O 2 and produce~35% of H 2 O 2 in liver [126] . Thus, a reduction in their number would decrease their metabolic activity and O 2 consumption under hypoxia. Indeed, the HIF-2α-driven pexophagy and PPARα antagonism [125, 127] changed the lipid profile in mice to a NAFLD-like pattern [128] . In line with this are findings from mice, where a choline-deficient L-amino acid-deficient-or a methionine/choline-deficient diet-dependent NAFLD was ameliorated due to hepatocyte-specific deletion of HIF-2α and by concomitant decreased macrophage M1 polarizing histidine-rich glycoprotein (HRGP) expression [129] , which links HIF-2α to inflammation and NASH. A further, causative role for HIF-2α in NAFLD came from a recent study with obesity-induced hypoxia in intestinal epithelial cells where the HIF-2α-specific inhibitor PT2385 was of benefit against metabolic diseases [130] .
While being less powerful in lipid metabolism, HIF-1α has a stronger effect on carbohydrate metabolism, mitochondrial function, and structural maintenance [40, 41] . In addition to the gene products involved in glucose uptake and glycolysis [26, 131] , it enhances pyruvate dehydrogenase kinase-1, -3, and -4 expression and thus blocks pyruvate entry into mitochondria [132, 133] . HIF-1α is also a reprogrammer of the mitochondrial electron transport chain function. It induces the electron transport complex I protein NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 4-like 2 (NDUFA4L2) [134] . Further, in complex IV, it promotes exchange of cytochrome c oxidase COX4-1 with COX4-2, which leads to reduced oxygen consumption and decreases ROS [135] . HIF-1α also contributes to selective autophagy; it promotes mitophagy and blocks Fe/S cluster assembly by inducing BNIP3 [136] and miRNA-210 [137] . Together, hypoxia and HIFs, HIF-2α in particular, have a role in NAFLD.
HIFs and ALD
Ethanol, commonly called alcohol, is consumed at a rate of 20-30 g daily in many Western cultures and represents a major cause of chronic liver disease. Importantly, obesity constitutes a high-risk progressive factor for ALD [138] , although other diseases, e.g., hepatitis B or C virus infections, and ethnic as well as gender differences cannot be neglected [139, 140] . Similar to NAFLD, ALD displays features ranging from steatosis, hepatitis, fibrosis, to cirrhosis and HCC. The prevalence of steatosis and cirrhosis in heavy drinkers is~90% and 30%, respectively, with the latter being present in~50% of all death cases caused by liver failure [141, 142] . About 10% of cirrhosis patients will develop HCC [139] .
The pathogenesis of ALD is complex and not understood to the last detail. One arm in ALD development consists of an ethanol-modulated intestinal barrier and gut microbiome where Gram-negative bacteria become enriched. Leakage of bacterial products from the gut into the circulation activates Kupffer cells as part of the immune system; consequently, they release cytokines such as TNFα as well as ROS. The second arm is supposed to induce oxygen consumption, oxidative stress, loss of protection, and apoptosis directly on hepatocytes [143] [144] [145] [146] . Consequently, this causes hypoxia as seen in animal models and ALD patients, which is aggravated in the perivenous zone [147, 148] .
The role of HIFs in ALD is not fully understood. As they contribute to homeostasis under normal conditions, they could either contribute to the apoptotic process or to tissue protection. Currently, only reports on HIF-1α are available and they do not allow an entirely concise view. One study reported that hepatocyte-specific HIF-1α deletion in mice was protective against an ethanol containing Lieber-DeCarli diet [149] , whereas another study with the same animal model and almost identical dietary protocol found that depletion of HIF-1α in hepatocytes aggravated steatosis [150] . Mechanistically, the latter involved induction of SREBP-1c and its targets FASN and acyl-CoA carboxylase (ACC)-1 due to derepression of SREBP-1c by HIF-target differentiated embryo chondrocyte 1 (DEC1) [150] .
The latter and earlier findings on liver regeneration [40] imply that HIFs, particularly HIF-1α, promote a tissue-protective program. Indeed, a recent study from hypomorphic mice with systemic inactivation of the main HIF prolyl hydroxylase-2 (PHD2/EGLN1) showed less adiposity, an improved lipoprotein profile, and insulin sensitivity than the wild-type mice upon feeding an ethanol diet [151] .
It appeared that the protective effects were mediated by antioxidant HIF target genes, such as the monocarboxylate transporters solute carrier family 16 members 1 and 3 and the GSH synthesizing glutathione cysteine ligase, as well as a higher catalytic activity of aldehyde dehydrogenase 2. Similarly, pharmacological HIF prolyl hydroxylase-2 inhibition improved handling of the toxic ethanol metabolites and oxidative stress [151] .
HIFs, Liver Fibrosis, Cirrhosis, and HCC
The progression to fibrosis, cirrhosis, and HCC from NAFLD or ALD is a complex process and involving hepatocytes, Kupffer-, stellate-, and endothelial cells. In particular, the structural changes in sinusoidal architecture affect blood flow causing hypoxia [152] , as visualized by HIF-target gene expression in human liver samples [153] and mouse models of liver fibrosis [154, 155] . While the role of HIF-2α in fibrosis is still unknown, deletion of HIF-1α in cells of the myeloid lineage reduced bile duct ligation-induced fibrosis in mice [156] . In addition, HIF-1α was shown to drive angiogenesis and collagen expression in stellate cells [157] . Further, the chemokine receptor CXCR4 and its ligand stromal cell-derived factor-1 (SDF-1) are HIF-target genes [158] and both promote infiltration of inflammatory cells.
The fibrotic process is accompanied by epithelial-mesenchymal transition (EMT). During EMT, E-cadherin expression is decreased and, vice versa, α-smooth muscle actin and vimentin expression are increased. E-cadherin expression is restricted to periportal hepatocytes, whereas N-cadherin is enriched in perivenous hepatocytes and NASH disrupts this zonal expression of cadherins [159] . Both HIF-1α and HIF-2α can regulate EMT by inducing the E-cadherin repressors SNAIL1, TWIST1, transcription factor 3, and the Zinc Finger E-Box Binding Homeobox 1 and 2 [160] [161] [162] [163] [164] . While these mechanisms seem to promote EMT, fibrosis, and eventually HCC, they also represent a feedback in NAFLD-associated insulin resistance. Indeed, hepatocyte-specific SNAIL1 overexpression reduced insulin-stimulated lipogenesis by epigenetically repressing FASN promoter activity. By contrast, hepatocyte-specific SNAIL1 deletion aggravated NAFLD [165] . Thus, these findings imply that the HIF system may have a dual role: While being rather lipogenic under normal conditions, the challenge of the system under obesity conditions could, in part via SNAIL1 and epigenetic mechanisms counteract NAFLD. However, further data are needed to prove this hypothesis.
From a worldwide perspective, HCC is the second leading cause of cancer-related deaths, with a median overall survival between six to eight months. Males are twice as affected than women [166, 167] . The pathogenesis of HCC is based on chronic disease. While NAFLD/NASH, ALD, drug abuse or congenital disorders account only for~20% of the HCC cases, chronic hepatitis B and C infections account for~80% of the HCC cases [168] . The detection of specific HIF1a gene variants suitable to predict HCC susceptibility [169, 170] implied participation of the HIF system in this process. Indeed, higher HIF-1α and HIF-2α levels were detected in HCC [171, 172] and particularly HIF-1α showed a positive correlation with HCC grade, and metastasis, but was negatively correlated with the overall survival rate [171] [172] [173] [174] [175] [176] [177] . Further, the hepatitis virus B X-protein showed a positive correlation with HCC and induced levels of HIF-1α in cell cultures [173] . In addition, HCV glycoproteins upregulated SNAIL and TWIST expression in a HIF-1 α-dependent manner and promoted EMT [178] . The role of HIF-2α in HCC is less clear and it was found to either promote [172, 176] or to inhibit it [179] .
Interestingly, the HCC drugs sorafenib, regorafenib, lenvatinib, cabozantinib, and ramucirumab, being either used or in phase III clinical trials, act against processes of growth factors, which are virtually all directly or indirectly regulated by the HIF system [26, 180] . Together, these findings suggest participation of HIF-1α in HCC pathogenesis, while the exact role of HIF-2α needs further resolution.
The role of the HIF system for HCC pathogenesis is further underlined by mouse studies where HIF-prolyl hydroxylase-2 (PHD2/EGLN1) heterozygous mice displayed more HCC growth and presence of cholangiocarcinoma in response to diethylnitrosamine. These effects appeared to involve cross talk with the NOTCH pathway at a late stage of nodule formation.
Although conflicting data with respect to HIF-prolyl hydroxylase-2 (PHD2/EGLN1) in patient HCC were reported [181, 182] , HIF-prolyl hydroxylase-3 (PHD3/EGLN3) acts as a favorable marker [183, 184] . Although the current findings about the HIF system in HCC suggest that HIFs would not be beneficial, one would also need to take cell-type specific effects as well as the interaction with the immune system into account. Given the impaired vessel architecture in a specific phase of fibrosis, cirrhosis, or HCC it may well be that HIF would promote vessel regeneration and blood supply. Indeed, findings from heterozygous HIF-prolyl hydroxylase-2 +/− (PHD2/EGLN1 +/− ) mice support this by showing an improved vessel architecture within the tumor but reduced metastasis upon transplantation of PHD2/EGLN1 +/+ tumor cells compared to wild-type mice [185] .
Considering this, HIF-prolyl hydroxylase inhibitors could be useful in HCC. Preclinical studies in mice showed that treatment with the HIF-prolyl hydroxylase pan-inhibitor ethyl-3,4-dihydroxybenzoate augmented liver regeneration after partial hepatectomy or portal vein ligation and did not promote growth of colorectal cancer cell metastases in the liver [186] . In humans, only roxadustat was examined in an open-label study with eight persons with normal hepatic function and eight patients with liver cirrhosis (Child-Pugh score 7-9). A single oral dose of 100 mg roxadustat in fasting patients did not show clinically significant differences, despite a moderate impairment on the pharmacokinetics and pharmacodynamics, indicating that these drugs were well tolerated and did not aggravate the cirrhosis within the investigated time frame of 96 h [187] . Together, the therapeutic potential of HIF-prolyl hydroxylase inhibitors in human liver diseases awaits further investigation.
HIFs in Ischemia-Reperfusion-Mediated Liver Injury
Ischemia-reperfusion (I/R)-mediated liver injury significantly contributes to morbidity and mortality in patients who have undergone liver surgery, in particular transplantation [188] . I/R occurs primarily during liver surgery including resection of large intrahepatic lesions and organ preservation prior to transplantation. During the ischemic period, the lack of oxygen and nutrients causes an imbalance in ATP supply and demand, resulting in a number of cellular processes, including protective functions, not being fully executed. Upon restoration of the blood flow, the liver is subjected to a further insult, where ROS-mediated protein and lipid oxidation are thought to aggravate the injury causing tissue damage and inflammatory responses. Overall, this causes a poor, if not dysfunction, of the graft [189] .
Although the cellular and molecular mechanisms accounting for I/R liver injury are not fully resolved, it appears that ischemic preconditioning and activation of HIFs are important in protecting the liver from I/R injury. Indeed, ischemic preconditioning by clamping the hepatic artery has been shown to stabilize HIF-1α and to promote cell survival during I/R liver injury [190, 191] , similar to cardiac protection during I/R injury. This was further supported by pharmacological studies where drugs such as losartan, mangafodipir, or ethyl 3,4-dihyroxybenzoate caused, among protection against I/R injury, stabilization of at least HIF-1α; no data on the other HIFs are available from these studies [190, [192] [193] [194] . The protective effects were then mediated via HIF-dependent expression of genes that regulate multiple pathways, such as cellular energy metabolism, angiogenesis, and well-described protective molecules, including heat-shock proteins, heme oxygenase-1, nitric oxide, and adenosine [190, 192, 195, 196] . More specifically, it was then shown that lack of the HIF-prolyl hydroxylase-1 gene (Phd1/Egln2) in mice protects against acute I/R liver injury [195] . Mechanistically, this involves reduction of oxidative stress, HIF-mediated reprogramming of hepatocellular metabolism [195] , and activation of NF-κB signaling [197] . For the latter, proline 191 in the beta subunit of the I-kappaB kinase appears to be a crucial HIF-prolyl hydroxylase-1 substrate [197] . In line with the reduced apoptosis, HIF-prolyl hydroxylase-1-lacking livers showed a higher potential for liver regeneration that was linked to enhanced activity of cMYC [198] . Moreover, the protective effect of HIF-prolyl hydroxylase-1 depletion appears not to be limited to the liver. Experiments with HIF-prolyl hydroxylase-1 deficient mice showed that the lack of HIF-prolyl hydroxylase-1 attenuates myocardial I/R injury, likely by inducing signaling cross-talk between HIF-1α, β-catenin, endothelial nitric oxide synthase, NF-kB, and Bcl-2 [199] .
Likewise, data from HIF-prolyl hydroxylase-2 hypomorphic mice show that HIF-prolyl hydroxylase-2 deficiency protects against I/R injury in heart and skeletal muscle [200, 201] . In line, depletion of HIF-prolyl hydroxylase-3 also protected hearts from I/R injury, which was accompanied by increased HIF-1α stabilization and an inhibition of the DNA damage response at the level of CHK1 and p53 [202] .
While the data with respect to pharmacological and genetic prolyl hydroxylase inhibition are not restricted to any particular HIF transcription factor, the proper role of each HIFα subunit may vary with respect to organ or cells being involved. Although no data on HIF-1α and HIF-2α in acute I/R liver injury are available yet, experiments in heterozygous HIF-1α mice (Hif1a +/− ) showed that HIF-1α-mediated IL10 expression is involved in protection of the heart by remote ischemic preconditioning [203] . Further, mice in which HIF-1α was deleted in Tie2(+) bone marrow and vascular endothelial cells showed a complete absence against ischemic preconditioning in the heart [204] . By contrast, deletion of HIF-1α or HIF-2α in endothelial cells of mice with an ischemic kidney injury model showed that endothelial HIF-2α, but not endothelial HIF-1α, promoted recovery from ischemic kidney injury. In addition, pharmacological inhibition of HIF prolyl-hydroxylases with GSK1002083A as well as genetic inactivation of endothelial HIF-prolyl hydroxylase-2 protected mice from ischemic kidney injury [205] . Similarly, a recent study in mice with inducible deletion of HIF-1α or HIF-2α in cardiac myocytes showed that loss of HIF-2α increases infarct sizes and that HIF-2α-dependent upregulation of the growth factor amphiregulin (AREG) mediates cardioprotection [206] . Thus, the animal experiments in different ischemia injury models suggest a cell-type selective involvement of the two HIF transcription factors with a so-far unexpected role of HIF-2α. Whether similar phenomena with respect to HIF-1α or HIF-2α in the different cell types of the liver such as liver endothelial cells, stellate cells, Kupffer cells, pit cells or hepatocytes will be seen remains to be investigated. Although all these studies support the connection of the HIF-prolyl hydroxylase and HIFs in I/R injury, a recent study reported that systemic or skeletal muscle-specific HIF-prolyl hydroxylase-2 inactivation can also protect mice against myocardial I/R injury in a HIF-independent manner by hepatic production and secretion of kynurenic acid [207] .
Collectively, these data indicate that both inactivation of HIF-prolyl hydroxylases and/or activation of the HIF-response can exert protective effects against I/R injury in several organs and not only in liver. However, more knowledge about involvement of the specific HIFα subunits in selective cell-types and the detailed contribution of HIF-independent HIF-prolyl hydroxylase inhibitory effects would broaden the therapeutic opportunities in I/R injury and are therefore urgently needed, especially in view of their beneficial effects for liver transplantation.
Hypoxia, HIF, and HIF-Prolyl Hydroxylase-Related Therapies to Treat Liver Diseases
As orally administrable HIF-prolyl hydroxylase inhibitors have been approved for the treatment of anemia in chronic kidney disease patients on dialysis in China and are awaiting approval in other countries [208] , the possible use of these inhibitors for certain aspects of liver diseases could be envisioned (Figure 3) . Apparently, the majority of studies support the view that HIF-prolyl hydroxylase inhibitors might be of benefit in acute liver injury, such as drug-induced or I/R injury. Hence, it is a scenario where HIF-prolyl hydroxylase inhibitors could be administered to organ donors before surgery or after to promote liver regeneration in alive donors; alternatively, they could be simply added into the perfusate of the explant.
HIF-prolyl hydroxylase inhibition in chronic liver diseases such as NAFLD/NASH, fibrosis, cirrhosis and HCC is, based on current data, not of benefit. This is even more complicated by the multiple cross-talks of the HIF system with various pathways, particularly Wnt, Hedghog, Hippo, and NF-κB in liver. However, there might be, dependent on the dose, time, and features such as selectivity, targeted cell type, and/or HIF variant, a potential use of either inhibitors or activators of the HIF system. Considering this and the poor prognosis, high risks of HCC recurrence, metastases, and limited treatment options [168, 209] , it is necessary and of therapeutic value to gain more insight into the role of the HIF system during HCC pathogenesis.
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Conclusions
With the increase in the prevalence of liver diseases and general metabolic diseases that perturb liver functions and are accompanied by malfunction of systemic circulation, fundamental aspects addressing the oxygen content and the role of HIFs on metabolic liver zonation and related diseases such as fatty liver disease, fibrosis, or hepatocellular carcinoma are emerging. A number of observations from different model systems indicate that hypoxia, HIF-prolyl hydroxylases, and HIFs are linked with various aspects of liver zonation and the pathogenesis of acute or chronic liver diseases. However, future studies are necessary to define the role of the HIF system in the context of cell-cell interactions and how it integrates various and competing growth signals for liver homeostasis and zonation maintenance. Although recent technical advantages allow creating combined cell-by-cell RNA sequence maps of liver lobules [7] and fate-mapping [97] of hepatocytes responding to different liver injuries, more research is needed to fully define the signals regulating the interplay of the various signaling pathways contributing to zonation. Moreover, further studies are required to understand how oxygen-dependent and -independent activation/inactivation of the HIF pathway acts in context of various chronic liver injuries. 
